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We argue that dark energy with multiple fields is theoretically well-motivated and predicts distinct
observational signatures, in particular when cosmic acceleration takes place along a trajectory that
is highly non-geodesic in field space. Such models provide novel physics compared to ΛCDM and
quintessence by allowing cosmic acceleration on steep potentials. From the theoretical point of view,
these theories can easily satisfy the conjectured swampland constraints and may in certain cases
be technically natural, problems which plague standard single-field dark energy. Observationally,
we argue that while such multi-field models are likely to be largely indistinguishable from the
concordance cosmology at the background level, dark energy perturbations can cluster, leading to
an enhanced growth of large-scale structure that may be testable as early as the next generation of
cosmological surveys.
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Introduction. — Dark energy beyond the cosmological
standard model is most often studied in the context of
theories with a single scalar field, such as quintessence
[1] or scalar-tensor gravity [2]. While this is primarily
motivated by simplicity, physically-realistic models often
include additional scalar degrees of freedom, especially if
viewed as low-energy effective theories arising from some
underlying ultraviolet (UV) completion. For example,
compactifications in string theory are characterized by
multiple moduli fields, many of which are not necessarily
fully stabilized and may therefore play important roles in
cosmic evolution at low energies [3, 4]. Further theoreti-
cal motivation for considering dark energy with multiple
fields comes from the recently-proposed swampland con-
jectures [5–7], parameter constraints which, it is claimed,1
must be satisfied by any low-energy model which possesses
a UV completion in string theory (or sometimes quan-
tum gravity more generally). The swampland bounds on
single-field quintessence have been shown to be in strong
tension with existing cosmological data [8, 12]. These
considerations strongly motivate phenomenological atten-
tion to multi-field theories, which are common in the
inflationary literature,2 as theoretically-compelling dark
energy candidates.
1 It is, however, important to note that there are counter-arguments;
see, e.g., Refs. [8–11].
2 The analogy with inflation will prove instructive throughout,
particularly because multi-field dynamics is much better studied
in the inflationary context [13–20] than in dark energy, although
see, e.g., Refs. [21–25] for notable examples of multi-field dark
energy.
We will argue that there is novel and interesting
physics in multi-field dark energy models which follow
non-geodesic or curved trajectories in field space. As is
well-known in the context of inflation, such “turning” tra-
jectories make accelerated expansion possible in regions
where the potential is too steep to otherwise support ac-
celerated expansion [20]. This is in contrast to standard
single-field dynamics, which trivially follows a geodesic
in the one-dimensional “field space,” and hence has the
usual slow-roll requirements. Allowing for this type of
strongly multi-field behavior severs the link between a flat
potential and an equation of state near −1. In addition to
opening up an avenue to evade the (conjectured) swamp-
land constraints, many of which place lower bounds on the
slope of the potential, non-geodesic multi-field behavior
is a novel physical mechanism for dark energy that leads
to observable signatures, predominantly by suppressing
the sound speed of fluctuations.
In this Letter, we propose curved trajectories in multi-
field theories as a framework for building novel, theoret-
ically well-motivated dark energy models with distinct
phenomenological consequences. As a concrete (though
non-exhaustive) example, we focus on “spinning” mod-
els, in which the scalars rotate in field space with a
nearly-constant speed. While the resultant cosmologi-
cal background evolution is practically indistinguishable
from ΛCDM (that is, the dark energy equation of state
is very close to −1), observable features in the evolution
of large-scale structure have the potential to distinguish
multi-field spinning dark energy from both ΛCDM and
single-field (or single-field-like) quintessence.
From the observational perspective, these models are
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2an essential part of theory space, viewed in the context
of interpreting existing and future cosmological data. For
single-field models of dark energy, as well as multi-field
models with shallow potentials, observing a constant dark
energy equation of state wDE would require the fields to
be effectively non-dynamical. As we show in this Letter,
for multi-field models with non-geodesic trajectories it is
possible to have wDE arbitrarily close to −1 even if the
fields are highly dynamical. This means that a Λ-like
equation of state, if supported by the next generation of
cosmological surveys, would not necessarily imply that the
late-time cosmic acceleration is driven by a non-dynamical
cosmological constant.
The novel physical effects of multi-field dark energy are
more pronounced at the level of perturbations. In order
for a single field to drive cosmic acceleration, the relevant
mass scale typically must be of order H0, the present-
day expansion rate. The associated Compton wavelength
is therefore around the size of the horizon, preventing
dark energy from clustering on observable (sub-horizon)
scales. We will show that the models we consider here
are a type of clustering dark energy [26–37]: the sound
speed of dark energy fluctuations in these models is much
smaller than unity for a wide range of parameters, so the
sound horizon can be much smaller than the cosmological
horizon, leading to clustering at sub-horizon scales. We
therefore expect significant enhancements in clustering
of large-scale structure at low redshifts. This feature
provides a powerful method of testing this important class
of dark energy models against a cosmological constant, as
well as more orthodox, slowly-rolling dark energy models.
Multi-field dark energy. — We are interested in dark
energy models with multiple scalar fields minimally cou-
pled to gravity. At leading order in derivatives, we con-
sider a standard σ-model setup,
L = M
2
Pl
2
R− 1
2
Gab(φ)∂µφa∂µφb − V (φ) + Lm , (1)
where Gab is the field-space metric, which is allowed to
depend on the fields φa, V (φ) is the potential, and Lm is
the matter Lagrangian.
Restricting ourselves to cosmological solutions with a
Friedmann-Lemaˆıtre-Robertson-Walker (FLRW) metric,
and adopting the framework developed in Refs. [13, 14, 16],
the scalar field equations of motion are
Dtφ˙
a + 3Hφ˙a + V a = 0 , (2)
where Va ≡ ∂V/∂φa, H ≡ a˙/a is the Hubble rate, over-
dots denote derivatives with respect to cosmic time t, and
the field-space covariant time derivative Dt is defined by
DtA
a ≡ A˙a + ΓabcAbφ˙c , (3)
with Γabc the field-space Christoffel symbols. The Fried-
mann equation is
3M2PlH
2 =
1
2
φ˙2 + V + ρM + ρR , (4)
where we have defined
φ˙2 ≡ Gabφ˙aφ˙b , (5)
which characterizes the speed along the background trajec-
tory in field space, and denoted the matter and radiation
energy densities by ρM and ρR, respectively.
We will find it convenient to introduce the normalized
tangent and normal vectors to the field-space trajectory,
T a ≡ φ˙
a
φ˙
, (6)
N a ≡ − 1
Ω
DtT a , (7)
with
Ω ≡ |DtT |. (8)
Projecting the scalar equation of motion (2) along these
directions, we find
φ¨+ 3Hφ˙+ VT = 0 , (9)
VN = φ˙Ω , (10)
where we have defined
VT ≡ VaT a, VN ≡ VaN a. (11)
The novelty of multi-field dark energy hinges on the
fact that the fields need not follow geodesic trajectories
in field space. The degree of departure from a geodesic
trajectory, or turning, is characterized by Ω ≡ |DtT |, as
the geodesic equation is DtT a = 0. In order to compute
Ω along cosmological trajectories, we will need to express
it in terms of the fields φa. For two-field systems, as we
will consider in this Letter, we can write the normal as
N a = εabTb, with ε12 =
√
detG. It follows from eq. (10)
and the definition of VN that
Ω2 =
1
detG
(
φ˙1V2 − φ˙2V1
)2
φ˙4
, (12)
where φ˙a = Gabφ˙b. For an arbitrary number of scalars,
this generalizes to
Ω2 =
FabFab
2φ˙4
, (13)
where
Fab ≡ φ˙aVb − φ˙bVa. (14)
To see this, note that Fab = 2φ˙T[aVb] = 2VNT[aNb], where
we have decomposed Va = VT Ta + VNNa.3 Squaring Fab
and using eq. (10), the result follows.
3 That Va can be decomposed this way is obvious for two fields. In
general it follows from eq. (2).
3To explain our mechanism, it is convenient to first
ignore matter and focus on dark energy domination, in
which case the physical picture is similar to multi-field
inflation. Cosmic acceleration occurs when H is nearly
constant, i.e.,  1 with  ≡ −H˙/H2 the Hubble slow-roll
parameter. While a single canonical scalar requires a flat
potential in order to drive a period of acceleration, in the
presence of multiple fields there can also be acceleration
due to large turning, even in regions where the potential
is steep. Defining the potential slow-roll parameter V as
V ≡ M
2
Pl
2
GabVaVb
V 2
=
M2Pl
2
V 2N + V
2
T
V 2
, (15)
and considering the slow-roll re´gime   1 (but not
necessarily V  1), it is straightforward to show that
[20]
 = V
(
1 +
Ω2
9H2
)−1
. (16)
The essential insight for the models we consider is that,
for a sufficiently non-geodesic trajectory, Ω  H, the
scalars can drive accelerated expansion even when they
are in a steep region of the potential.
This phenomenon underlies many of the novel obser-
vational signatures of multi-field inflation, as well as its
avoidance of the swampland bounds that plague single-
field theories (see also Ref. [38]). Our aim is to investigate
its utility for dark energy model-building. The main dif-
ference with the inflationary case is the presence of other
matter fields with significant energy densities. Instead of
demanding  1 (which will not hold during radiation
and matter domination), we want to find the conditions
under which the scalars’ energy density changes slowly,
i.e., DE  1, with
DE =
3
2
(wDE + 1) =
3
2
φ˙2
1
2 φ˙
2 + V
, (17)
where wDE is the dark energy equation of state. When
dark energy dominates, DE approaches . Repeating the
steps that led to eq. (16), we find, assuming DE  1,
DE = V ΩDE
(
1 +
Ω2
9H2
)−1
, (18)
where ΩDE ≡ ρφ/ρtot ≈ V/(3M2PlH2) is the usual dark
energy density parameter. We see that the presence of
additional matter fields can only suppress DE further.
We conclude that multi-field dark energy, much like
inflation, can drive accelerated expansion on arbitrarily
steep potentials as long as φa follows a highly non-geodesic
path in field space, such as a spinning trajectory. Severing
the link between the slope of the potential and cosmic
acceleration allows these theories to potentially evade
problems endemic to single-field theories. In addition to
the aforementioned swampland conjectures, the flatness of
the potential is typically controlled by a small parameter
which is not stable against radiative corrections [39], a
problem made particularly acute if the swampland bounds
are imposed [40]. Observationally, we will see that, while
multi-field dark energy is practically indistinguishable
from a cosmological constant at the background level, it
can provide a distinct, rich, and novel phenomenology for
structure formation.
A concrete example. — In order to illustrate the multi-
field dark energy mechanism as simply as possible, we
restrict ourselves to two fields with a polar parametriza-
tion, φa = (r, θ), and impose U(1) invariance through the
shift symmetry θ → θ + c. The most general invariant
field-space metric is
Gab = diag(1, f(r)), (19)
with Ricci curvature
R = − 1
f
(
f ′′ − 1
2
f ′2
f
)
, (20)
where primes denote r derivatives. We will leave f(r)
general, though for numerical illustrations we will choose
a flat field space, f(r) = r2.4
In the potential, U(1) invariance (V = V (r)) turns
out to be incompatible with our proposed mechanism
and must therefore be broken. To see this, note that the
symmetry implies a conserved charge,
Q = a3f(r)θ˙. (21)
In flat space, a = 1 and there exist stable circular orbits,
but in an expanding universe this is not possible: circular
orbits decay as θ˙ ∼ a−3 goes to zero and r falls to the
minimum of its potential.5 To avoid this problem, the
potential must depend on θ. While we keep V (r, θ) general
when possible, when we need a concrete model we will
borrow from the inflationary literature [19] a potential
which breaks U(1) as softly as possible,
V (r, θ) = V0 − αθ + 1
2
m2(r − r0)2 , (22)
with V0, α, m, and r0 free parameters.
As an aside, we note that α is radiatively stable, as
U(1) invariance is restored in the α → 0 limit. If the
field space is flat and r0 = 0, then the effective r mass
m2r ≡ m2 + (∂θ)2 on a particular background may also
4 This choice is used in “spintessence” [21], where the two fields
form a complex scalar Φ = reiθ with a canonical kinetic term
|∂Φ|2.
5 This holds for an arbitrary number N of scalars when Gab and V
depend on a single field: there are N − 1 conserved charges, each
decaying as a−3.
4be protected from large quantum corrections. While
the “old” cosmological constant problem, i.e., the radia-
tive instability of V0, remains, and requires additional
physics to address [41–43], as is typically the case even for
technically-natural dark energy theories (e.g., [44]), the
mechanism presented here is a promising route towards
the construction of dark energy with enhanced naturalness
properties.
On a cosmological background, the equations of motion
are6
3M2PlH
2 =
1
2
(
r˙2 + fθ˙2
)
+ V + ρM + ρR , (23)
r¨ + 3Hr˙ + Vr − 1
2
f ′θ˙2 = 0 , (24)
θ¨ + 3Hθ˙ +
1
f
Vθ +
f ′
f
r˙θ˙ = 0 . (25)
Consider the r equation of motion (24). In addition to
the usual forcing term Vr, which pulls r down towards the
minimum of its potential (as in standard quintessence),
there is a − 12f ′θ˙2 term which drives r up the potential.
Our mechanism relies on balancing these competing forces
by having the fields spin with θ˙2 ≈ 2Vr/f ′. For the field-
space metric (19) with f = r2 and potential (22), this
amounts to a solution with r approximately constant and
θ˙2 ≈ m2
(
1− r0
r
)
. (26)
It is easy to show that the combination of eqs. (12)
and (26) implies Ω2 = θ˙2 on this trajectory. In the in-
flationary context, such circularly spinning solutions are
cosmological attractors [19]. In order to check whether
this mechanism is also viable for dark energy, we include
matter and radiation and solve for the resultant cosmolo-
gies numerically.7 We generically find solutions which
realize the proposed mechanism: despite being signifi-
cantly displaced from the minimum of its potential at
r = r0, cosmic history is quantitatively very close to
ΛCDM.
This behavior is demonstrated, for representative pa-
rameters, in fig. 1. In the upper panel we plot the gradient
of the potential over time, showing that, as promised,
the dark energy lives in a steep region of the potential,
while in the lower panel we plot the evolution of the wDE
over cosmic history, finding that it is extremely close to
−1. The combination of these is a unique signature of
multi-field dark energy. We have also checked that the
swampland condition MPl|∇V |/V & O(1) is satisfied over
6 For a dynamical-systems analysis of these equations for restricted
choices of V = V (r), see Refs. [45, 46].
7 The codes used in this paper are publicly available at https:
//github.com/valerivardanyan/Multifield-Dark-Energy.
the entirety of field space,8 as required by the swampland
conjectures (which are more restrictive than just being
true along the cosmological trajectory).
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FIG. 1. Time evolution of the slope of the potential
MPl|∇V |/V along the trajectory (upper panel) and of the
dark energy equation of state wDE (lower panel) for the two-
field model with the field-space metric (19) with f = r2
and potential (22). We have chosen α/H20M
2
Pl = 2 × 10−3,
r0/MPl = 7× 10−4 and have varied m (specified in the upper
panel). For each choice of m we have found V0 such that the
spatial curvature of the universe vanishes. We have checked
that there is no strong dependence on initial conditions. Time
is measured in terms of the number of e-foldings N ≡ ln(a),
with N = 0 corresponding to the present. The upper panel
demonstrates that the potential is very steep, while the lower
panel shows that wDE is nonetheless very close to −1, so the
next generation of cosmological surveys will not be able to
distinguish the model from the standard ΛCDM model at the
background level.
While we expect wDE ≈ −1 during dark energy dom-
ination, as occurs during multi-field inflation, we see
from fig. 1 that this equation of state also holds during
the matter- and radiation-dominated eras. During these
epochs, Hubble friction dominates the forcing terms in
8 Strictly speaking V eventually becomes small at very large r,
but the potential (22) should be properly viewed as part of an
effective field theory and so cannot be trusted at arbitrarily large
field values.
5eqs. (24) and (25), causing r and θ to freeze. As matter
and radiation dilute away, the Hubble friction becomes
smaller than the forcing terms and the fields start to
roll. The r field falls slightly down the potential before
stabilizing as θ spins up, transitioning into the spinning
re´gime and the onset of dark energy domination. Dur-
ing this period, the dark energy equation of state starts
evolving from its frozen value of −1, but only slightly: in
the spinning re´gime, the Hubble slow-roll parameter DE
is suppressed by the turning rate, cf. eq. (18), so that
wDE remains close to −1.
Observationally, this model is to some extent a victim
of its own success: it mimics ΛCDM so efficiently that it
is unlikely to be distinguishable from the concordance cos-
mology at the background level, even with qualitatively
rather different physics than ΛCDM or standard slow-roll
quintessence. Forecast analyses from the forthcoming
Stage IV cosmological surveys predict percent-level con-
straints on parameters like the dark energy equation of
state. The Euclid space mission [47], an important rep-
resentative of these surveys, is expected to measure the
present value of wDE, commonly denoted as w0, with at
best a 1σ uncertainty of σw0 ≈ 0.025 [48]. As seen in the
lower panel of fig. 1, Euclid will not be able to distinguish
wDE in the dark energy model proposed here from the
ΛCDM value of −1, although in principle there may be
regions of parameter space in which wDE + 1 is just large
enough to be observable.
We emphasize that the model discussed in this section
serves as a minimal working example. Our results do
not depend strongly on the details of the model, and we
expect them to be qualitatively robust for any potential
that supports strongly non-geodesic motion in field space.9
Clustering dark energy. — While the dark energy
mechanism proposed here is likely to be observationally
indistinguishable from ΛCDM at the background level,
the story changes dramatically when we consider per-
turbations. In this section we briefly discuss why one
should expect these theories to produce novel signatures
in structure formation, while saving a full analysis of per-
turbations and the comparison to observations for future
work.
For a wide range of parameters, the sound speed of
fluctuations is heavily suppressed, leading to clustering
dark energy. To see this, we expand the fields around their
9 Minor quantitative details, such as the behavior of the fields when
they are subdominant, can change from model to model. For
instance, by appropriately changing the θ potential, the system
may enter a scaling re´gime during the matter-dominated era, in
analogy with the single-field model in Ref. [49]. This allows the
transition from frozen to spinning behavior to occur more quickly,
as the θ field is already dynamical when dark energy becomes
dominant. While illustrative, this scenario is somewhat contrived,
and the θ shift symmetry would no longer be broken softly.
background values as φa = φ¯a + δφa. It is convenient to
work with the field fluctuations parallel and perpendicular
to the background trajectory,
δφT ≡ Taδφa, δφN ≡ Naδφa. (27)
The full linearized Einstein equations are not particu-
larly illuminating, so we will refrain from presenting them
here. For concreteness, we focus on scalar field pertur-
bations on scales smaller than the sound horizon and
ignore gravitational backreaction, which suffices to illus-
trate the important physical effects. In this limit, the
scalar equations of motion are
δφT ′′ + k2δφT = −2aΩδφN ′, (28)
δφN ′′ +
(
k2 +M2eff
)
δφN = 2aΩδφT ′, (29)
where primes denote conformal time derivatives and the
effective δφN mass is
M2eff ≡ a2VNN − a2Ω2 −Rφ′2. (30)
Here VNN ≡ N aN bDaDbV , where Da is the covariant
derivative associated to Gab, and R is the Ricci scalar for
Gab. Note that we have neglected a small mass term in
eq. (28), which is necessarily suppressed in the spinning
re´gime where φ¨ Hφ˙.
We see from eqs. (28) and (29) that a non-zero Ω intro-
duces a coupling between δφT and δφN . To identify the
propagating degrees of freedom, we look for solutions with
time dependence eiωτ to obtain the dispersion relation,
ω4−ω2 (2k2 +M2eff + 4a2Ω2)+k2 (k2 +M2eff) = 0. (31)
On geodesic trajectories, Ω = 0 and the dispersion relation
factorizes, (ω2 − k2)(ω2 − k2 −M2eff) = 0, from which we
can identify a light mode and a heavy mode of mass Meff ,
each propagating at the speed of light. Including Ω, the
full dispersion relations are
ω2± =
M2eff + 4a
2Ω2
2
+ k2
±
√(
M2eff + 4a
2Ω2
2
)2
+ 4a2Ω2k2. (32)
The light mode corresponds to ω−, since ω− → 0 as k → 0.
Considering scales larger than the Compton wavelength
of the heavy mode, k2  M2eff + 4a2Ω2, and expanding
the light-mode dispersion relation to leading order, we
see that it propagates with a modified sound speed,
ω2− = c
2
sk
2 +O(k4), (33)
where
c−2s ≡ 1 +
4a2Ω2
M2eff
. (34)
6The sound speed is suppressed when a2Ω2 M2eff , which
per eq. (30) requires Ω2 ≈ VNN − Rφ˙2. To illustrate
quantitatively the typical scales involved, we take as an
example m = 30H0 (cf. fig. 1), for which we have, in the
present day, a2Ω2/H20 ≈ 750 and M2eff/H20 ≈ 150, with
c2s ≈ 0.047.
While this re´gime may seem highly tuned, it is in
fact supported in the model discussed above, as we have
confirmed numerically for the parameter choice in fig. 1.
This c2s  1 attractor is well-known in the inflationary
context, and exists as long as the potential parameters
satisfy [19]
1 r0V 1/40
√
m
αMPl
 V0
m2M2Pl
 α
mMPl
√
V0
. (35)
During dark energy domination, the same equations of
motion apply and so the same attractor is present.
For completeness we present the heavy mode’s disper-
sion relation to quadratic order in k,
ω2+ = M
2
eff + 4a
2Ω2 +
M2eff + 8a
2Ω2
M2eff + 4a
2Ω2
k2 +O(k4)
=
M2eff
c2s
+ (2− c2s )k2 +O(k4). (36)
Recall that Meff is this mode’s mass in the geodesic
limit Ω → 0. Spinning increases the mass by a fac-
tor of c−2s . This suggests a wide range of intermediate
scales, H2  k2/a2  M2effc−2s , where the heavy mode
can be integrated out, leading to a simpler single-field
effective theory, as in inflation [18, 19], while remaining
in the sub-horizon re´gime. We note speculatively that a
condensate of this heavy field could potentially be a dark
matter candidate; we leave a more detailed analysis of
this possibility to future work.
In regions of parameter space where the sound speed is
suppressed, we expect enhanced structure formation in
the late universe, as there is a well-known correspondence
between a small sound speed and dark energy clustering
[30, 32–34]. The physical explanation is that a reduced
speed of sound pushes the Jeans instability to sub-horizon
scales. Modes of the light field with larger wavelengths
will therefore cluster on observationally accessible scales.10
This is in contrast to canonical, single-field dark energy,
where the Jeans scale is super-horizon, so the Jeans in-
stability is not observable.
In brief we mention two other reasons to expect clus-
tering or other interesting features in structure formation
in theories of the type discussed here, depending on the
details of the model:
10 While eqs. (28) and (29) hold only below the sound horizon, the
sound speed remains small at all scales k2/a2 M2effc−2s , where
the heavy mode can be integrated out [19].
1. While in the inflationary context the heavy mode is
suppressed in amplitude [19], it could in principle be
non-negligible in the late universe. This situation
would be similar to a canonical massive scalar field,
which clusters on sub-horizon scales when its mass is
larger than the Hubble scale (cf., e.g., Refs. [50, 51]).
2. The field space curvatureR contributes to Meff , and
a sufficiently large positive curvature can render the
heavy mode tachyonic. During inflation this phe-
nomenon is known as geometrical destabilization
and is considered problematic, spoiling otherwise
successful models [52]. In context of the late uni-
verse, however, a mild tachyonic instability might
imprint unique features on the dark matter distri-
bution, opening up a new window for probing the
curvature of field space.
Each of the effects on structure formation discussed
here requires a more detailed numerical analysis to derive
quantitative predictions for cosmological observables.
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